Objectives. The vocal changes after a thyroidectomy are temporary and nonsevere, therefore, obtaining accurate analytical results on the pathological vocal characteristics following such a procedure is difficult. For a more objective acoustic analysis, this study used the cepstral analysis method to examine changes in the patients' voices during the perioperative period regarding sustained vowel phonation.
INTRODUCTION
Recently, thyroidectomies are being performed more frequently and the importance of managing and treating vocal changes after thyroidectomy are being emphasized due to an increasing trend in the incidence of thyroid diseases. Thyroidectomy affects the steadiness of the vocal tract [1] , which may lead to vocal changes, and the characteristics of vocal changes in patients who have undergone thyroidectomy mainly include symptoms such as reduced vocal range, vocal fatigue, reduced speaking fundamental frequency, hoarseness, and reduced vocal strength [2] .
In contrast to vocal cord disorders, such as vocal nodules or vocal polyps, vocal changes after an operation such as thyroidectomy occur because of a complex interaction between several factors including damage to the nerves and muscles during surgical procedures and psychological issues in individual patients [3] . Neck muscles may be damaged due to the lateral traction used during the thyroid surgery or cutting of these muscles, or wound contracture with surrounding structures after surgery [4, 5] . Neck muscles participate indirectly or directly in the functioning of the larynx and their phonatory function is well-defined. The function of the extrinsic laryngeal muscles, the so-called external frame function, lengthens or shortens the vocal folds, changing the relationship of the thyroid to the cricoid cartilage. Hong et al. [4] reported that the contraction of the sternohyoid and sternothyroid muscles causes a laryngotracheal downward pull, changing air volume in the subglottic air space. This downward pull shortens the cricothyroid distance, and anterior downward bending shortens the anterior cricothyoid distance, which in turn lengthens the vocal folds and raises the frequency of the sound emitted. Hong et al. [5] suggested the importance of the extralaryngeal frame function to the pitch control in patients with total thyroidectomy. The authors reported that the phonation time and fundamental frequency were not changed after surgery, but that the speaking fundamental frequency (SFo), range of SFo, and vocal range might be diminished after surgery. They suggested that the cause of voice dysfunction is not seen in a neural lesion, but in a disturbance of the extralaryngeal frame function.
Therefore, objective and accurate evaluation and analysis of the patient's vocal state are required in patients who undergo thyroidectomy procedures. In addition, because vocal changes after thyroidectomy procedures tend to resolve over time in most cases, the performance of tracking studies on patients' vocal characteristics pre-and postoperation and over time is required. Numerous studies have investigated test methods for analyzing the voices of patients with voice disorders, including thyroidectomy patients; however, regardless of whether an objective or subjective test is used, producing reliable and consist test results can be difficult [6] [7] [8] . Fundamental frequency changes must be accurately measured and estimated when obtaining jitter, shimmer, and noise-to-harmonic ratio measurements, which are acoustic vocal tests frequently used in clinical studies and research [6] . However, the periodicity becomes lower as the severity of the voice disorder increases, thereby making it more difficult to perform the measurement and lowering the reliability of the test results. The 'cepstrum' is a voice analysis method that has been proposed as an alternative to this problem. The 'cepstrum' is a Fourier transform of the logarithm power spectrum of an acoustic signal and was originally described by Noll (1964) as a procedure for extracting the fundamental frequency from spectrum of a sound wave [9, 10] .
In this study, the cepstral analysis method, which is not associated with the drawbacks of the conventional method and improves the reliability of analytic results, was utilized to analyze patients' voices. In addition, because the measurements can vary depending on the voice types of the subjects in objective voice analysis [6] , we aimed to closely investigate the acoustic characteristics of the phonation of patients with voice disorders by analyzing subdivided vocal data via utilization of data from each section of sustained vowel phonation. The goal of this study was to provide useful data on voice management and analysis of thyroidectomy patients' phonation.
MATERIALS AND METHODS
The study participants included 35 patients (10 men and 25 women) who had received a diagnosis of thyroid cancer or thyroid tumor and had undergone a thyroidectomy. All subjects had no laryngeal pathology as determined via laryngoscopy before surgery and no reported laryngeal nerves injury or damage due to intubation on the day of surgery. Every time the patients visit the clinic after discharge, laryngoscopy was performed and all patients were normal. The subjects' ages ranged from 19 to 74 years (average age, 51.5 years); 28 patients had undergone total a thyroidectomy and seven patients had undergone a lobectomy.
For the acoustic analysis, the Multi-Speech Model 3700 (Kaypentax, Lincoln Park, NJ, USA) was used for collecting and analyzing voice data for cepstral analysis. The sampling rate was 11,025 Hz, and the AKG C420 Headset Condenser Microphone (AKG, Vienna, Austria) was used. A speech language pathologist instructed the patients to phonate as comfortably as possible in their normal voice. The patients subsequently followed the instructions of the pathologist to phonate the 5 vowels (/a/, /e/, /i/, /o/, and /u/) for approximately five seconds while sitting in a chair equipped with a headset microphone. The recordings were conducted three times (preoperatively, 5-7 days after the operation, and 6 weeks after the operation) in an identical manner. The cepstral measurements for the five second recordings of the entire fragment were obtained by analyzing all vowels. Each cepstral measurement was derived after the phonation of the vowels were edited into 1 second fragments of on-set, mid, and off-set in accordance with the analysis time (1 second) described in previous studies [7, 8] . The cepstrum was calculated after converting the edited fragments into a power spectrum and subsequently processing the data through the fast-Fourier transform process [10, 11] (Fig. 1) .
A statistical program, IBM SPSS ver. 18.0 (IBM Co., Armonk, NY, USA), was used to perform repeated measures analysis of variance (RM-ANOVA) based on a 95% confidence level (P<0.05) in order to identify the difference between the examination periods of the voices collected from the 35 patients over three examinations. Bonferroni method was used to conduct post hoc analysis on results that showed a significant difference.
RESULTS
The performance of RM-ANOVA by using the preoperative and postoperative cepstral measurements from all sustained vowels (/a/, /e/, /i/, /o/, and /u/) collected from the patients revealed no significant differences (P>0.05) in the vocal examination of all 5 vowels between the periods before and after the operation.
Further, RM-ANOVA was conducted on the 15 voice data points per patient (the 5 vowels collected during the 3 examinations) by subdividing the data into 3 fragments (1 second of Values are presented as mean±SD. *Significant difference by period (P <0.05, repeated measures analysis of variance). * each: on-set, mid, and off-set) in order to determine whether a difference existed between the cepstral measurements of the onset, mid, and off-set phonation voice data for each vowel. The results revealed significant differences (P<0.05) in the cepstral measurements for on-set, mid, and off-set fragments in 13 vowel phonations, excluding the vowel /i/ immediately after the operation and the vowel /u/ 6 weeks after the operation.
To examine the acoustic characteristics of the vowel phonation by each fragment according to the examination period based on the aforementioned results, the collected vowel phonation data were divided into the on-set, mid, and off-set fragments, and RM-ANOVA was performed on each set. Significant differences were found in the preoperative and postoperative periods for the on-set fragment of the vowel /i/ (F(2, 68)=4.634, P<0.05) (Tables 1, 2, and Fig. 2) . Post hoc analysis with Bonferroni method to compare the exanimation periods revealed that the average cepstral value immediately after the operation (5.583±0.079) was significantly lower than that before the operation (5.852±0.048) for the on-set fragment of the vowel /i/; further, although this value was slightly elevated 6 weeks after the operation (5.703±0.061), a comparison of the preoperative and postoperative values showed no significant difference (Table  3 and Fig. 3) .
The cepstral measurements for the mid fragment of vowel phonation indicated that no vowels were significantly different in relation to the examination period, whereas the vowel /o/ showed a significant difference in the off-set phonation fragment (F(2, 68)=3.686, P<0.05).
DISCUSSION
The results of cepstral analysis revealed no significant acoustic differences in the voices of the thyroidectomy patients overall between the preoperative and postoperative assessments. Many factors affect the voice of patients after a thyroidectomy, including damage to the recurrent laryngeal nerve and the superior laryngeal nerve, changes in muscle movement due to damage to the cricothyroid muscle or outer larynx, mucosal damage due to tracheal intubation, and fibrosis caused by the wound healing process after the operation [2, 4] . If nerve damage does not occur during the thyroidectomy process, fibrosis or minor damage to the laryngeal muscles and mucous membrane have insignificant effects on the acoustic voice analysis; further, since these problems resolve naturally over time, the discomfort of the phonation gradually disappears.
The majority of previous studies focused on the entire fragment from on-set to off-set phonation, or on the mid fragment of /a/, as a means of analyzing the voice data. In contrast, the vowels were divided into different fragments in this study, and this resulted in the notable finding of a significant difference in the on-set fragment of the vowel /i/ (P<0.05) and the off-set fragment of the vowel /o/ (P<.05) relative to the period of examination. The cepstral measurements for the immediate postoperative period for the on-set fragment of the vowel /i/ were significantly lower (P<0.05) as compared with the values before the operation, whereas the cepstrum showed a tendency to increase again at 6 weeks after the operation. This is consistent with the results of previous studies [2, [12] [13] [14] [15] [16] , which proposed that pathological changes in thyroid patients' voices primarily occur immediately after an operation and are characteristically temporary, with recovery over time. In particular, the fundamental frequency of the thyroidectomy patient's voice clearly declines during the immediate postoperative period [12, 17] , and the cepstral analysis, which is based on the exact calculation of the fundamental frequency, adequately reflects this characteristic. This suggests that this decline in the fundamental frequency after the operation is due to the inability of the cricothyroid muscle, which affects the length adjustment of the vocal cords, to function properly with regard to muscle tension after surgery [18] .
The cepstral measurement of the on-set of vowel /i/ 6 weeks after the operation showed a slight tendency to increase without significant differences in perioperative measurements, which is presumably related to the voice recovery period of the thyroidectomy patient. Several studies that analyzed the vocal conditions of patients at more than one month after the operation reported that the voice recovers its normal state within 3 months after the operation [14, 15] . In contrast, other studies suggest that vocal changes remain for three months [19] or even six months [12] after the operation. In the present study, we focused on measuring patients immediately after and 6 weeks after the operation for postoperative voice analysis. Thus, we presumed that the cepstral measurements showed ascending values and that the statistical analysis did not indicate a significant difference between the examination periods because the recovery process was already present in the patients 6 weeks after the operation. Furthermore, vocal restoration after a thyroidectomy begins shortly after the operation, and rapid recovery at the initial stages after the operation is expected.
Moreover, the reason that the vowel /i/ was the only vowel to show a significant difference according to the examination periods in cepstral analysis is based on its acoustic characteristics. Differences in the height of the tongue and in the movement of the vocal organs exist when a person phonates a vowel, which in turn affects the location of the laryngeal cartilage, glottis, and vocal tract, and the tension of the vocal cords [20] ; therefore, different acoustic characteristics can be present even in the same person. More noise is found on the spectrum in high vowels, such as /i/, compared to low vowels, such as /a/ [21] , presumably because the location of the tongue and jaw are lowered during the phonation of a low vowel, such as /a/, which reduces oral airway resistance [22] . In contrast, the high vowel /i/ is a closed vowel that is pronounced in a state in which the surface of the tongue almost touches the roof of the mouth, increasing oral airway resistance, so it can be more difficult to phonate compared to the low vowels. Therefore, the significant difference in relation to the examination period during the cepstral analysis may have been caused by the relative nose output when the vowel /i/ is pronounced.
As shown in both previous studies and this study, the selection of vowels for the voice analysis affects the acoustic measurements [23, 24] ; therefore, a sufficient amount of information and planning is required when determining which vowels to use in research.
Targeting the stable period of the sustained vowel phonation is universally used for the efficiency and reliability of the analysis in clinical and research fields. When applying the acoustic analysis method on sustained vowel phonation, this study divided the vowel phonation into on-set, mid, and off-set fragments for analysis, rather than focusing on the entire length of the vowel phonation data or the stable middle section. A significant difference between the on-set, mid, and off-set fragments within a single vowel phonation data set forms the basis for considering which section should be selected for the voice analysis. This is because the acoustic characteristics of vowel phonation continuously change during even a short period, and each period may have different characteristics. Dividing the sustained vowel phonation into three fragments showed a significant (P<0.05) difference in the cepstral measurement in relation to the examination period for the on-set fragment of the /i/vowel phonation.
A previous study [25] that examined the relationship between acoustic analysis and auditory prospection analysis by dividing the vowel into 3 fragments (on-set, mid, and off-set; each for 200 msec) reported that roughness, a category for sound quality assessment, is related to the nonperiodicity and instability of the voice signal. Further, the study indicated that the on-set fragment of the vowel has a higher explanatory power compared to the midsection of the vowel or the entire vowel. Because the study analyzed nine different types of voice disorders rather than only one type of voice disorder, it can be said that the roughness characteristic occurs in the on-set of vowel articulation in terms of auditory-perceptual evaluation. In particular, because the phonation on-set of voice disorder patients may result in inappropriate vocal cord contact when compared to normal phonation, starting the phonation may be become more difficult than retaining the phonation after articulation as the severity of the voice disorder increases. Thus, the on-set fragment of vowel phonation appears to reveal unstable vocal characteristics, and the characteristics differ according to the disorder.
In the case of vowel off-set fragments, the glottal fry is often computed as the vocal cord vibration slows down with the end of phonation, which affects the periodicity and fundamental frequency of the vibration movement [26, 27] ; therefore, this process requires attention during analysis. In this study, significant differences (P<0.05) were observed in the off-set of the vowel / o/; however, given that this is the end fragment of the 5 seconds of vowel phonation, determining whether it is a consistent pathological characteristic of the patients' voice would be difficult.
We anticipate that the results of this study will serve as a reference for selecting the type of voice data that should be used in both subjective and objective examinations of pathological voice disorders going forward. In particular, regarding thyroidectomy patients, voice analysis performed on the on-set fragment of the vowel /i/ may yield results that are more effective. Further, given the fact that vocal cord movement is best visualized in the high vowel /i/ when the glottal gesture is observed using the laryngeal endoscope, such an analysis will be able to provide a more efficient voice evaluation.
In conclusion, the results of the cepstral analysis performed on the voices of patients who underwent thyroidectomy procedures indicated pathological characteristics. Although significant differences were not observed in the phonation of the entire vowel according to the examination periods, cepstral measurements of the voices were significantly lower in the on-set fragment of the vowel /i/ immediately after the operation compared to those before the operation, with an additional increase observed 6 weeks after the operation.
In addition, because measures varied according to the vowel fragments (on-set, mid, and off-set) used in voice analysis, appropriate voice data representing the characteristics of the voice disorder must be carefully selected for analysis.
